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TECHNICAL MEMORANDUM 


CHARACTERIZATION OF THREE TYPES OF SILICON SOLAR 
CELLS FOR SEPS DEEP SPACE MISSIONS 

Volume I. Current-Voltage Characteristics of 0 CL I BSF/BSR 
10 ohm-cm, BSR 10 ohm-cm, and BSR? ohm-cm Cells 
as a Function of Temperature and Intensity 

I. INTRODUCTION 

This is the first in a series of technical reports on the character- 
ization of high performance solar cells under conditions of low tempera- 
tures and low intensities, Today's solar colls have been designed for 
maximum performance at 1 AU*, AMO, with little regard for the charac- 
teristics that would enhance their performance in deep space. In the 
late 1960's and early 1970's, data wore generated on a few solar cells 
under Jupiter mission conditions; however, little has boon produced 
since that time. The interest in solar cell performance under deep space 
conditions has boon renewed ns a I’osult of the SEPS Halley Comet Flyby 
and Tompel 2 Mission. Those data generated in support of the SEPS 
program are aimed at identifying which of the currently available cells 
possess the best characteristics for deep space performance. This report 
contains data on three types of cells taken at 9 intensities and 10 tem- 
peratures identified along the SEPS Mission profile. Graphs and tables 
together with interpretive conclusions arc presented for the three types 
of cells. 


II. TEST PROGRAM 


A. Solar Cell Descriptions 

Three types of cells (BSF/BSR 10 ohm-cm, BSR 10 ohm-cm, and 
BSR 2 ohm-cm) from Optical Coating Laboratories, Inc. (OCLI), 
described in Table 1, were selected to compare, under conditions of low 
temperature and low intensity, the performance of the BSF/BSR con- 
figured cells to that of the BSR configured cells and the performance of 
the 10 ohm-cm base resistivity cells to the 2 ohm-cm base resistivity 
cells. The silicon utilized in the manufacture of these colls was 
Czoehralslci produced (high oxygen content) and boron doped. 


* For this and other acronyms see glossary. 




B. Test Profile 


The tost profile for the evaluation of these colls is shown in Table '* 
2. These temperature /intensity values wore selected from the SEPS 
Ilalley Comet tlyby-Tempol 2 mission environment. In addition to the 
I-V data takon at various temperatures and intensities, dark I-V data 
wore taken at nine temperatures, 

C. Test Equipment 

The cells were mounted to a copper plate using RTV 560. Each 
test set consisted of 16 cells; one set is shown mounted in Figure 1. 

The copper plate was then heat sunk to a plate configured for cooling 
with liquid nitrogen and for heating with hot air. The copper plate and 
two ceils were thermocouplcd and temperatures monitored continually. 

Cell temperatures wore maintained independent of the incident solar 
intensity to within £0.5°C from 50° to -175°C. The cells were installed 
in a vacuum system having a 30-cm diameter, 6 mm thick UV grade 
fused quartz window and tested at a pressure of 1 x 10“ 4 pascal or less. 

The illumination source was a Spoctrolab filtered X-75 solar simu- 
lator. This system provides a combined beam from three 2.5 kW xenon 
lamps covering an area of 230 cm2. Beam intensity was measured at 
each cell position and was determined to have a uniformity of ±2 percent. 
The spectral output was modified through the use of a filter system to 
approximate the solar spectrum. Illumination levels were maintained 
through the use of a set of neutral density filters and by varying the 
position of the test chamber. Cell illumination level was monitored 
through the use of a water-cooled calibrated cell maintained at 28°C + 
0.5°C. One solar constant utilized in the calibration was 135.3 mW/cnA. 

A Spectrolab electronic load model D-1550 provided the variable 
load for the cells. The cell I-V curves were plotted on an X-Y recorder. 
Digital voltmeters were used to read the open circuit voltages and short 
circuit currents. All instruments were calibrated prior to the initiation 
of these tests. The test setup with associated instrumentation is shown 
in Figure 2. 

The value of the dark current produced through each individual 
cell by dc forward bias voltage was recorded at each temperature from 
zero bias to a current of at least 10 mA. These dark I-V curves were 
analyzed in terms of equivalent circuit models for the solar cells. Pre- 
liminary model calculations for selected cells from each set are discussed 
below. The dark I-V data shown in Table 3 for the best and worst cells 
of each set have been transcribed from the linear scales of the X-Y 
recorder to the log I versus linear V scales shown. 
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III. PRESENTATION OF TEST RESULTS 


Current -voltage characteristics for each of three sets of 10 silicon 
solar colls supplied by OCLI have boon measured, The moon values of 
each set observed at each operating condition (temperature and light 
intensity), together with observed standard deviations and mean effi- 
ciencies, are presented in both tables and graphs. The graphs ore 
plotted from the data presented in the tables. The bohavior of the 
individual best and worst cells of each sot, selected on the basis of 
maximum power output at 0.086 solar constant (SC)/-iOO°C (where the 
SUPS will spend considerable time) , is described by graphs of their 
efficiency versus light intensity and temperature and graphs of their 
dark current versus forward bias (dark I-V) at 25°C and at ~150°C, 

Table 3 presents preliminary model calculations from the dark I-V data 
for those best and worst colls. 

Examples of the dark current versus forward bias for "best" and 
"worst" cells are presented in Figures 3 and 4, respectively. Current-voltage 
parameters of the best cell of each set selected on the basw of its maxi- 
mum power output at 0.086 SO and at -100°C are shown in Table 4, 

Fill factors which show data scatter within each group are given in 
Table 6 for three test conditions, 


A. General Features 

The response of those sets of solar cells to simulated solar illumina- 
tion and to various temperatures is found to have the following general features: 

1) Short circuit current, I , is directly pi , opoi i tionol to input 

bw 

light intensity. The proportionality constant being nearly independent 
of temperature is a feature of good cell design. 

2) Open circuit voltage, V , increases lineurly as cell tempera- 

Ov 

ture is lowered, with the slope being nenrly independent of light flux. 

The absolute value of V drops wit lx increasing light intensity by 

QO 

approximately 50 percent from 0.040 to 1,0 SC. 

3) Maximum power, MP, is directly proportional to the incident 
intensity at each temperature, with a monotonio decrease of the pro- 
portionality constant with increasing temperature. 

a) Efficiency at maximum power output decreases steadily with 
increasing temperature, the mean value dropping approximately by a 
factor of 2 from ~15Q°C to +50°C. This feature is independent of light 
intensity above 0.08 SC as expected from the close correlation in high 
performance cells between the maximum power conditions with the open 
circuit voltage and short circuit current features. 
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b) Maximum power current , I , ip directly proportional to 

light intensity anti essentially independent of temperature. This feature 
is closely related to that of the short circuit current in these high per- 
formance colls. 

c) Maximum power voltage, V , decreases linearly with 

increasing coll temperature, independent of light intensity above 0.08 SC. 
This linear decrease feature is closely related to that of the open circuit 
voltage in these high performance cells. 

4) Scatter of measured values within each of the sots of 16 colls 
is indicated by the standard deviation values in the tables. Another 
measure of the scatter within each sot is given by the fill factors at 
throe tost conditions and by discussion of a few individual colls, selected 
ns having the best and the worst maximum power output at 0. 080 SC and 
~1Q0°C. 


B. BSF/BSR 10f^hm-cm Silicon Cell 

^sc* V 0 C * ’mp’ V mp • MP are plotted as functions of tempera- 

ture and intensity in Figures 5 through 14, Average values with stand- 
ard deviations are summarized in Tables 6 through 10. Cell efficiencies 
are plotted ns functions of temperature and intensity in Figures 15 and 
10 and summarized in Table 11. To illustrate individual cell performance, 
the efficiencies of the best and worst cells are plotted in Figures 17 and 
18. 


Largo standard deviations (above 2 percent) begin to appear within 
this set of 16 cells in their V below -50°C and below 0.128 SC. 

Uu 

Similarly, large (above 2 percent) standard deviations appear in at 

and below -50°C and , at and below 0.128 SC. I also shows significant 

(above 10 percent) standard deviations at and below -75 °C and at and 
below 0.128 SO. 


C. BSR lOohm-cm Silicon Cells 

I , V , I , V , and MP are plotted as functions of tempera- 
sc uu mp nip 

ture and intensity in Figures 19 through 28. Average values with 
standard deviations are shown in Tables 12 through 16. Cell efficiencies 
are listed in Table 17 and plotted as functions of temperature and 
intensity in Figures 29 and 30. Similarly, the efficiencies of the best 
and worst cells are shown in Figures 31 and 32. 
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V QQ show.* standard deviations ns largo ns 2 per cent only at 0.040 
SO below ~75°C. V displays similar largo (above 2 pereent) standard 
deviations at and below 50°C and 0.080 SO. 


D. BSR ? ohm-cm Silicon Cells 

I g{ , . V ()0 , I , V . and MP are plotted as functions of tempera- 
ture and intensity in Figures 33 through 42. Average values with 
standard deviations are summarized in Tables 18 through 22. Cell 
efficiencies are plotted as functions of temperature and intensity in 
Figures 43 and 44 and listed in Table 23. In addition, the best and 
worst cells efficiencies are plotted in Figures 40 and 46. 

Large standard deviations begin to appear in V at -75°C and 

0,003 SC and below. However, all of the standard deviations in tho V 
observed for those 16 HSR 2 ohm-em cells were well below 1 percent, 00 


IV. DISCUSSION OF RESULTS 


A. General Features 

A number of observations are made concerning the general charac- 
teristics of tho data. The small standard deviations at and above 0.1 SC 
and «50°C in the data indicate that the measurements were apparently 
carried out with sufficient precision to enable discrimination of deviations 
of a few percent in the output from eel! to coll at any given combination 
of temperature and light intensity. The small standard deviations in 
current which decrease with decreasing solar intensity arc attributable 
to the beam nonuniformity of ±2 percent. There is some question as to 
whether a tost lot of 16 cells is sufficient to provide reliable quality 
control statistics for these manufacturer lots at low temperatures and 
low intensities (LTLI). 

Maximum power output was determined to bo greatest at 1 SC/+25°C 
in the BSF/BSR 10 ohm-em colls and greatest at LTLI in the BSR 2 ohm- 
em colls. Largo valuations in V were observed in the BSF/BSR cells 

under LTLI as a reduction in the curvature of the 1-V curve around the 
maximum power point. This reduction in curvature of the I~V plot is 
manifested in two forms — one as n softening of tho I**V knee only and 
the other as a gradual decrease in current initiated in the low voltage 
portion of the curve. This reduction in curvature of the I-V plot 
results in lowering of tho MP of tho cell and thereby reduces solar cell 
efficiency. The magnitude of this occurrence in the three sets of cells 


// d - -±*jsL** — | — 
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tested is seen in tho fill factor distributions presented in Table 5, 
Efficiencies of tho best and worst cells soleetod on the basis of maximum 
power output at 0.086 SC and =• 100°C show tho extreme values in coll 
output within each teat set. Tho current-voltage parameters listed for 
tho best colls within each group in Table 4 demonstrate the capabilities 
of tho individual cell typo with tho BSP/BSE coll have tho highest 
efficiency at almost all tost conditions, Moon officiencios at 1 SC/+25°C 
wore determined to bo 14,1 porcont for tho BSF/BSR 10 ohm-cm colls, 
12.1 porcont far* tliO‘BSU 10 ohm-cm colls, and 13.3 percent for tho BSR 
2 ohm-eni colls. 


Ono of tho objectives in this study was to find an observable solar 
coll feature present at room temperature which would correlate well with 
cell performance under low temperature and low intensity conditions. 

While there exists a visual correspondence between the ranking of the 
colls light l~V curves and their dark I-V curves, no single parameter in 
tho light i-V curves could bo determined at room temperature to correlate 
to the IiTLl coll performance. Preliminary conclusions based on the dark 
current data provided in Table 3 show a correlation as follows: When 
the junction defects in the coll give a shunt resistance (R^) below 


500 ohms, tho MP available at 0.086 SO and -1Q0°C falls off sharply; 
above that value of It^ the presence of edge channel resistances (R^) 


below IK ohms appears to affect the available power output. Both R JD 
and Rqjj are available from the room temperature dark I-V curves as 
illustrated in Table 3. 


B. Comparison of Configurations - BSF/BSR 10 ohm-cm 

to BSR 10 ohm-cm 

The BSF/BSR colls show a greater V than the BSR 10 ohm-cm 

oc. 

colls at the higher temperatures and intensities ~ the difference in the 
average values being 79 mV at 1 SC/+50°C, However, this difference 
decreased with decreasing temperatures and intensities with a crossover 
occurring in the mean values at 0.063 SC/-125°C. Tho BSF/BSR colls 
show a decreasing change in V with temperature at tho lower tempera- 

Vv 

tures. Data on the best cells of each group (selected at 0.086 SC/~100°C) 
indicate a difference in V qg at 1 SC /+5Q°C of 57 mV with equivalent 

values at low temperatures and low intensities. No evidence of a Schottky 
barrier was present in any of the cells tested ns would be manifested by 
a decrease in V with increasing solar intensity or by an increase in 

current near V . The application of the BSF to the BSR cell was 

apparently not successful in increasing the fill factor or V at LTLI as 
had been expected. 0G 
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Short circuit current is greater in the BSF/BSR cells than in the 
BSR 10 ohm-em colls at the higher temperatures and intensities — the 
difference in average values being 8 mA greater for the BSF/BSR cells 
at 1 SC/*H50°O, This difference decreases with low temperatures and 
low intensities. The best colls of each set show similar values at LTLI, 

Maximum power output at higher temperatures and intensities is 
greater in the BSF/BSR cells - 09.1 mW at 1 SC/+50 C C compared to 
55.5 mW for the BSR 10 ohm-em cells with the difference decreasing with 
decreasing temperatures and intensities. Maximum power voltage and 
current show trends similar to V , and I with the BSF/BSR colls 

Wv bv 

having higher values at higher temperatures and intensities. The low 
shunt resistances evident at LTLI in the BSF/BSR colls reduce V and 
bring about lower efficiencies in three cells. 

C. Com oari son of Base Resistivity - BSR 10 ohm -cm 

to BSR 2 ohm-cm 

The V in the 2 ohm-em cells was approximately 50 mV higher 

Uu 

than that in the 10 ohm-cm cells throughout the test profile. No decrease 
in V with temperature at LTLI was evident in the 2 ohm-cm cells. The 

OC 

large standard deviations (above 2 percent) in the 10 ohm-cm cells at 
0.04 SC and at -150°C and below indicate decreases in V in some of 
the 10 ohm-em cells. 00 

Average values of short circuit current were 3 mA higher in the 
10 ohm-cm cells at 1 SC/+25°C. This difference decreased with decreas- 
ing temperatures and intensities with a crossover in the data occurring 
at 0.063 SC/-100°C. The best cells of each group show a similar trend. 

The MP produced by the 2 ohm-cm cells is greater than the 10 ohm- 
cm cells throughout the test profile. The higher values of V m p available 

in the 2 ohm-cm cells are responsible for the greater MP values and the 
subsequent higher efficiencies. The trend in I in these cells is 

similar to that of the short circuit current. The 2 ohm-cm cells showed 
the most consistent cell-to-cell electrical characteristics at both high 
temperatures and intensities and at low temperatures and intensities. 


D. Calculation of Model Parameters from Dark l-V Data 

To correlate individual cell performance with one or more of its 
physical features such as edge channel resistance or shunting junction 
resistance, the dark I-V curves were analyzed by means of an equivalent 
circuit for the cell. The principal effects of shunting around the solar 
cell junction by edge channels and junction defects were rcpi’esonted 
with the simplified equivalent circuit in Figure 47, By treating the 
diodes ns switches the cell in the dark should show: 
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// 


1) At low forward bias (•» 0.2 V), an equivalent resistance of 

U S 11 Jl)’ 

2) At high forward bias (a temperature dependent value s 0.8 
V) an equivalent resistance of it.,* 

3) At intermediate bias (when the edge channel diode is switched 
on but the cell junction diode is still off) an equivalent resistance of 


Ho + 


1 


H ^ 
U C11 


t R 


Jl) 


Values of these three resistances, 1L, Rj^ and R„jj , have been cal- 
culated from the dark 1 V curves and are listed in Table 3 for the best 
and worst cells selected from these three tost sets. 

The general features of the simplified model parameters in Table 3 
show that; 


1 ) 


The effective series resistance, R 


is consistently low as it 


should be for high performance cells, with no change from best to worst 
performance in these three sets of 10* The temperature dependence of 
Ro may be interpreted as due to live temperature dependence of the 


carrier concentration in the n and p regions of the silicon wafer. 


2) The shunting defects in the cell junction , represented by Ujjj , 

seen; to be responsible for the reduction in performance from best to 
worst at room temperature in all three sets with the singular exception 
of cell 15 in the HSR 2 ohm cm set. Similarly, at-180 o C, the worst 
HSF/HSR cells had tlveir junctions shunted by an effective low resist- 
ance; the temperature dependence of R^ in those two cells indicates the 

type of defect existing within their junction becomes a more effective 
shunt at low temperature. However , the worst HSR cells at low tempera- 
ture showed remarkably high values of Rj^ indicating that the reduction 


in Ml’ at low temperature, is due to some other differences between the 
colls; the defects in the HSR junctions arc of such a type that, in 
the dark, they require temperature activation to shunt significant 
currents across the junction . 


3) The edge channel resistances, assuming all the edge channels 
have a diode switching voltage ,< 0.2 V. liave values near 500 ohms at 
25°C and near IK ohms at 150°C. Therefore the edge channel resist- 
ance is the principal shunt resistance during maximum power operation 
in all of the cells tested, except the two poorest of the HSF/BriR set 
where junction defects are so bad. 
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V. SUMMARY 


The HSF/HHU 10 ohm-em colls provided the best performance at 
1 SC/i'25°C 1 14, 1 percent et’liciency) but failed to provide the best per- 
formance at JjTM. However, these cells are capable of high performance 
at i/fbl based on the behavior of the best cell in the set. The HSU 2 
ohm cm cells had the highest Iff 14 performance (22.2 percent efficiency 
at 0,04 St’/ 170°C for the set) and the most consistent cell to cell 
characteristics. The performance observed for the three sets of cells is 
summarized by the graph of relative maximum power output, P/Po (Po is 
the power produced at 55°t' at 1 All) versus heliocentric distance in 
Figure 48. Figure 49 represents the array mission temperatures used in 
generating- the data. The two sets of HSU configured cells produce 
approximately the same P/Po outputs at large AH's. They give, for 
example, P/Po 0.150 for the 10 ohm cm base resistivity cell and 0.148 
for the 2 ohm-em base resistivity cell at 3,4 All conditions. However, 
the mean of the 10 HSF7HSH cells produced P/Po of only 0.118 at 3.4 
AH conditions. 

The observed spread in several of the parameters in these data 
was well below 1 percent. Therefore, the simulation techniques used to 
obtain the solar cell performance is capable of making active parameter 
measurements to better than 2 percent. 

Finally, cell characteristics revealed by the dark I V at room 
temperature show potential as useful indicators of the eell performance 
at low temperatures and low intensities. 








Figure 2. Solar cell characterization equipment and instrumentation. 
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TAB LB 4. C U UU B N TVO LT A ( JK PARAMETERS OF TUB BEST CELLS 


Typo Silicon Coll 


Parameter 

BSF/BSR 10 ohm-em 

BSR 10 ohm-cm 

BSR 2 ohm-em 

r 8C 

1 SC/25°G 

164.0 

161 

155 

0.086 SC/ 100°C 

13.9 

14.0 

13.4 

0.040 SCM50°C 

6.9 

6.8 

7,2 

V 

oc 

1 SC/25°C 

605 

548 

598 

0.086 SC/-100°C 

797 

793 

822 

0.040 SC/ 150°C 

903 

893 

908 

*mp 

1 SC/25°C 

157 

152 

148 

0.086 SC/~100°C 

12.8 

12 . 6 

12.7 

0.040 SC/-150°C 

6.4 

0.3 

6.8 

V 

nip 

1 SC/25°C 

485 

445 

490 

0.086 SC/-100°C 

750 

718 

748 

0.040 SC/“150°C 

828 

713 

762 

MP 

1 SC/25°C 

76.1 

67.6 

72.7 

0.086 SC/-100°C 

9.6 

9.1 

9.5 

0.040 sc/~i 50 °c 

5.3 

4.5 

5.2 

Eff 

1 SC/25°C 

14.1 

12.5 

13.4 

0.086 SC/-100°C 

20.6 

19.5 

20.4 

0.040 sc/-i5Q°c 

24. 4 

20.8 

24.0 


Note: Best colls selected for best efficiency at Max Power at 0,086 

SC/-100°C. 
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Figure 5. Average I as a function of temperature. 
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Figure 7, Average V as a function of temperature. 
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Figure 9. 

Average I as a function 

of temperature . 
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NOTE: Standard Deviations Are Given In Parentheses 


TABLE 1 . AVERAGE V (mV) 
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NOTE: Standard Deviations Are Given In Parentheses 
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NOTE: Standard Deviations Are Given In Parentheses 


c Hi 

*r"H 

U) 

CO 

U) 

*4 O 

04 m 

CM * 

W * 

© » 

• i 

* « 

• P4 

. © 

•to 

CO © 

CM © 

CM rH 

O *P 

IOV4 

ttv 

mco 

IA rH 

U3 ^ 

tOrM 

in 

U) **> 

t£> w 

lO 

to w 







c™% 



i=*% 

vr 




© 


© IM 

cnoa 

h . CO 

0 h 04 

in * 




to 


* * 

* * 

» * 

* i 

*o 




CO 


vo in 

pH 04 

Ch CM 

NfCO 

tO rH 






to to 

*p to 

U in 

o’) 

If) rH 




c> 


inv 

to w 

P* w> 

ph w 

Ph w 







« % 


<a**H 





to 


Oft r~H 

to to 

co cn 

toot 

PI to 




tv 


* * 

1 1 

* * 

i » 

♦ » 




© 



H CM 

© to 

CO© 

CO & 




1 


CM rH 

r-H cm 

04 04 

pnto 

rH 04 




© 


U> V-» 

to Vs» 

rs Nsf* 

r»w 

co^ 


to cn 









a 

<U C 









o 

U »r» 









u 

*r» 41 









f» 

*-4 m 









r^* 

Q 


CO 

© r-»* 


rM * !s * 

h-CM 

©© 


♦r» 

CO U C .V 


CM 

» CM 

»VO 

• © 

* 1 

• » 


© 

rM O U 


r=H 

to * 

cn * 

P 4 ♦ 

to © 

to to 



*s*n: i »r* 

10 

» 

p* m 

CM 

CO CO 

to r*H 

©CM 


13 

04 «C 44 x: 

44 

© 

in %*=' 

U 3 W 

t£) w 


COw 



JO, X 
U 

a SK CM 


S 4J 

ute**© 

4 ~> ell fl 

• u » a a 

> rti r ^a 

4> at m a 

> cwm © 

iq » © 

I y In. O « 
i OJ w» 

oi N» u 
flj ai 
i »» > 

I T) 'r 3 O 
&. 4‘* U 
: I r*» 

•r- n 1/1 
I H* SS tu 


04 

10*^ 

in**** 

© *‘*H 

rH «*«h 

© © 

© 

» to 

* 04 

* to 

*04 

« i 

* 

r>> • 

CM * 

to * 

co * 

© © 

© 

CM © 

CO 04 

04 tp 

CO vn 

04 rH 


tfw 

*P Vr^ 

iDv 

in «*<**» 

IQv 


M*c*h 

P4 *"“> 

r^4 ^"h 

* rH 

. © 

* M* 

m * 

a *• 

tp « 

M- M* 

04 to 

M* to 

M* w 

Ki^ 

IOh^j 

rH r®H 

pv *»■*% 

to 

* tn 

* CO 

n 04 

in * 

vp ♦ 

CO * 

vP N, 

04 pH 

<t tX> 

V|'V5sa» 

<P Hte.:* 

to 


U 

D 


GTE: Standard Deviations Are Given In Parentheses 



U1 Ol 


CO 

c 

QJ C 


CM 

o 

C »r* 


h4 

u 

*r* +-> 


• 

*1— 

-4 <d 


o 


O 

**•> 


♦r* 

tn u 

C4£ 


in 

r*H 

o u 



SOS 1 *r» 


i/> 


C CO 44 4S 


4J 


U D 44 


C 


1/1 


Id 


C5 -M 0) & 


44 

tv 

E U » U rl 


l/> 

iH 

O U Id r- 

ID 

C 


rH -M XI in O 

r-f 

O 

o 

m cwco o 


U 


a: cm o • oo 

U4 



m ou v. o • 

M 

u 


oo « a> 

HH 

id 


•*>. U)>,U 

tn 

r» 


u. x< m a> 


O 


C0 1 r> 

UJ 

in 

in 

CO CM TJ t- O 

-J 


CM 

hh (X -P O 

(X 


• 

JCL X 1 r- 

X 


o 

O ^ *r» D in 

< 



O « CM h- X Uu 

in 




CO *** <•*** CO rH CO f'N in cm 

* U> I CO » ♦ I* * » 

Q » rHt H |H HH rH(\J 


ID LO ***n H H in in 

* ID ♦ CO ♦ * «i 

Kf * ID * ID rH ID rH 


*vh o CO rH 


CM r-H CO **H 

CM w* CM w 


oa.-v 


cr> . io 

* CO 

m » 

CO * 

• CM w 

(Mw 

Q 



M" CO CO 

r*4 CM 

fv co 

ID . * 

i i 

t 1 

» 00 rH 

00 *H 

CM t H 

O «tfw 

M' *— * 

in*—' 


ih g> mo 


cn r~l ID r 

tv* 



Standard Deviations Are Given In Parentheses 


w POOH 


o 

On 

O 

oo 

OJ 

» 

• 

♦ 

* 

• 

ID 

lO 

in 

Kf 

in 

rH 

rH 

rH 

rH 

rH 


oo 

UD 

O 

O 


oo 10 cvj io) r> 

• * * « » 

id id to in 
♦H r-f rH rH rH 






10 


U) D) 



00 


C 0 ) C 



0 


0 c •*— 





U t- H> 



0 

o 

•r* *J <u 




o\o 

»-* 0 <— > 





•r- IOU C.^ 





<>0 rH OO 




(H 

■s t^! 1 *r- 
E 00 < 4 -i JC 




O 

U 3 *M 


10 

00 

(7 



4 -> 

CVJ 

r<H 

CJ +J <D g 


C 

rH 

w 

E U 3 p. p 


m 


HH 

O O rtJ r- 

VO 

4 -> 

O 

rj 

H +■> X 3 LO O 

rH 

10 


}-. -j 

in C*— "00 O 


c 


Tr . 

Cu CVJ 0 » 00 

LU 

0 



00 0 0 U 0 r 

Kl 

0 



00 . <D w 

HH 



w 

S CO >, u 

in 

u 


u- x < m <u 


1 0 


w 

CO ! r > 

LU 


r*. 

00 CVJ -O *r- 0 

-J 

0 

1 — ( 

0 

►h Q. 4 JU 

0. 

00 

• 


J CL X It— 

E 


0 

<1 

O **> -r 3 00 

< 



Pi 

OZWhSU. 

00 




CO 

rH 

O 

LO 

< 3 * 

id 



ID 

IO 

rH 

rH 

rH 

rH 

rH 


LO 


O 

O 

0*. 

to 

IO 



IO 

rH 

rH 

rH 

rH 

rH 


rH 


UO 

rH 

m 

H- 

uo 

ID 

0 s 


iH 

rH 

rH 

rH 

tH 


I 


in 

rH 

«=J* 

ID 

in 

CVJ 

CVJ 

» 

• 

r 



• 

00 

«d* 

ID 

ID 

r-> 

O 

rH 

rH 

rH 

rH 

rH 


rH 


w 

< 

Eh 


cn 


00 

uo 


CVJ 

00 

• 

• 

• 

r 


• 

rH 

00 


m 


0 

rH 

rH 

rH 

»H 

rH 


< 3 * 

1 10 

cn 

CVJ 

in 

CO 


• 

t 

« 

CVJ 

ro 

uo 

ID 

O 

rH 

rH 

tH 

rH 


o 

rH 


CO 


to 


LO 

rH 


< 1 ) 

*- 

3 

+-> 

ra 

s- 

<u 

Q. 


E 

QJ 


c_> 

O 

0 

0 

0 

O 

0 

O 

O 

O 

O 

O 

0 

0 

0 

O 

0 

O 

O 

O 

O 

in 

0 

uo 

0 

LO 

0 

LO 

O 

00 

LO 

CVJ 


CVJ 

LO 


0 

CVJ 

UO 

ID 




1 

I 

1 

rH 

rH 

rH 

rH 


I » I | 




*St.' ~" a ' iT nr 




Short Circuit Current, mA 


180 • 


170 


160 


150 

140 


130 

120 


110 

100 


60- 


50 

40- 


30 - 
20 

10 ~ 

0 


I — F— [. 


f- — { Hbi 


90- 


80 
70 - 


+■ — +- — i — H 


-f-E 


-<-F 


•-I 


— & 
-’-H 


-150 -125 -100 -75 -50 -25 


Temperature, C 


ID SOLAR CONSTANT 


A 

B 

C 

D 

E 

F 

G 

H 

I 


1.0 
.64 
.39 
.25 
.174 
. 128 
.086 
.063 
.04 


- 1-0 


25 


50 


OCL I 

N/P BSR 10 0 cm Silicon 
2 x 2 x .025 cm 


SAMPLE SIZE 16 


Figure 19. Average I as a function of temperature. 

SC 


40 


Ha 






-150 -125 -100 -75 -50 -25 0 25 50 

Temperature, °C 

ID SOLAR CONSTANT 


A 

1.0 

OCL I 

B 

.64 

N/P BSR 10 fl cm 

C 

.39 

2 x 2 x ,025 cm 

D 

E 

. 25 
.174 

SAMPLE SIZE 16 

F 

. 128 


G 

.086 


H 

.063 


I 

.04 



Figure 21. Average V as a function of temperature. 









Temperature, °C 
OCLI 

N/P BSR 10 0 cm Silicon 
2 x 2 x .025 cm 

SAMPLE SIZE 16 


Figure 25. Average V as a function of temperature 






\ 


t 



T f 


c 

o 

u 

•f* 


to 


o 

o 

ft 

1. 

3 


G G 

u u wo 

H 

CS 1/) 

CM Ul 
OO M 


<0 . . . 

u otnowoi^owo. 

oj to cm *m u> h* © e\J in 

I I ) 

i i i 


Q. 

B 

<U 


- M 


</> 7 

Q£ X *•' 

VO LU 
CO CM -J 
ftH O- 

JO, x *■ • • i- 

O "v* *c D<mUOUJllU)£N 
O SK CM </) h -4 


Q) 


00 




to 




* 1m 


~'*«r 

» 


1 


<co 


* . - -i 


CM 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

to 

to 

<r 

CO 

CM 


Au j ‘aBeuoA «M0d uinuiixe^ 


Solar Constant 

Kgure 26. Average V as a function of intensity. 


Maximum Power, mW 






J-I59 


MiQ*rimonc?> 


Temperature, C 


ID Solar 


Figure 29. 


Constant 

1.0 OCLI 

.64 N/P BSR 10 a cm Silicon 

•39 2 x 2 x .025 cm 

25 

* J 74 SAMPLE SIZE 16 

! 128 
.086 
.063 
.04 


Average efficiency as a function of temp eamt lii-ti l . L ' ' 






0£U 



{%) /fouoioy^a 


Figure 30. Average efficiency as a function of i: 




Temperature, °C 


B/W 

Solar Constant 

OCL I •» 

Ji /h 

1,0 

N/P BSR 10 n cm Silicon 

B,/B a 

.64 

Z x 2 x .025 

Cj/C. 

.39 


Di/D 4 

.25 

SAMPLE SIZE 16 

Ei /E a 

.174 


F,/F a 

.128 


G,/G a 

.086 


H,/H a 

.063 


I* /I, 

.04 



Figure 31. Efficiency of the best /worst cells as a function 

of temperature. 






co «d* 

^ 00 


Ns r-S 

<ocn 

« * 

» • 

ON 

*K 

• • 

O rH 

ID 

rH * 

Ns r 

CO O 

O rH 

LO rH 

CO rH 

ID CO 

Ohs 

Ns *w* 

N* W 

ro 

€0 U> 

cn w 


00 »*H 

o>*-s 

OOr-s 

to^ 

rH r*s 

•to 

* cn 

• to 

• Ot 

• to 

to • 

Ns • 

ID * 

M* ♦ 

cn * 

to to 

rH to 

Ns Ns 

CO 00 

00 CO 

low 

Ns w 

Ns w 

COW 

00 rH 


COr-s 

rH r-s 


<•"> 

00 rs 

• rH 

• sf 


co eo 

» O 

to • 

Ns • 

* 

<N • 

O) » 

to ID 

cm to 

00 ID 

00 ID 

cn Ns 

to w> 

Ns w 

Ns w 

■w 

CJ0W. 


c 

O r-S 

00 

cn^-s 

00--S 

cn^s 

O^-s 

O <-s 

o 

IOO 

CM 

• 00 

♦ CM 

• CM 

* ID 

» O 

u 

rH o U 

rH 

to • 

to • 

to « 

*a* • 

rH • 

♦f- 

'^QC If- 

« 

rH CO 

Ns M* 

co 

cn *n 

ID 

r- 

CO c -M JC 

O 

tO*s~* 

tow 

hsw 

Ns W 

OOw 


-M E 

;U3 

) fd r~ 

4-> XJ ID O 
) C wfO O 
JO * CO 
SO*-© * 

• 0J 

cn >> i- 
i < *) <u 

I r- > 

J 'O -r- O 
D. -f-> O 


C 

<0 

UD +J 

r*H V) 

c M* 
LU o r> 

Nsl U rH 

K-* « 

to u o 

na 

LU r- 
-J O 
Q- t/) 

2E 



O W, *r- D ID 

< 


Ns<~s 

cn r— « 

Or-s 

rH^-s 


OZWhJElt 

to 

ID 

• kN 

• to 

1 o 

• O 

• 



CM 

•H ♦ 

* 

• 

CM * 

co 



* 

rH CM 

Ps CM 

CO co 

cn CO 

rH 



O 

LOW 

tow 

tow 

tow 


cn 

cn 

cn^s 

O^-s 


O r~s 

00 

t LD 

. co 

• O 


• 

* 

CM * 

CM » 

ID • 

"M* • 

CM * 

o 

LO CM 

CM CM 

CO CO 

^ CO 

O CO 


S^ 

ID w 

LD w 

tow 

Nsw 


M* Hrs 

co-^-s 

CO r*s 

Nsr-s 

tO • CM 


• Ns 

r Ns 

• ID • 

M* • 

to » 

CO * 

O Ns CO 

co co 

cn co 

to CO 

w 

»D w 

LDW 

tOw 

to <- — » 

CO^s 

COr-s 


, * ° 

. M- 

• ID 


rH ID • 

ID . 

ID • 


CO *N 


O 


W 

LDw 

tow 



o o 

o o 

O ID 

LD Ps 


NOTE: Standard Deviations Are Given in Parentheses 


to CO 

LOw 


*<* CM 
tO w 


CM CM CM rH CM , 

» * • • • 

to w LO W ios 


tn 
* • 
CD'*— * 


cm tn 
• » 
CD w 


CD to 
« • 
00 w 


LO— • 
• to 
oo * 


«*CO 
• • 
0Qw 


L0 CD 




CU f Z 




C *r- 



to 

•n 4-* 



00 

-J CO 



o 

c O — 



* 

o to o c 



o 

u rH o U 


V) 


*r* SDC 1 'r 


4-» 


r- C0<-Mr 


C 


»r- 3 4-> 


fl3 


to LO — o 


-M 


o 4-> 0) E 


</) 

00 

<3 6 e O 3 9. St 


c 

CM 

e OO/O — 

to 

o 

rH 

v > 4-> X) to O 

rH 

o 

t 

w n *r> c*— "<o o 



o 

CM O • CO 

LU 

t- 


Qj O O O J- O * 

fM 



ST rH • 0) w 

►h 



a p> >> s- 

CO 

o 


HH o; x< to CD 


to 


to l — > 

LU 



no 0Q CM irj >r- O 

-J 


N. 

rK hH Q- -P O 

^ u a. x r — 

O. 

j: 


rH 

<ri o *^s -r 3(0 

< 


O 

-3 O 2TCMH 3CUU 

to 




£ 

<) 


«5f 


to 

(O'- 


00 —* 
• cr» 
to • 

cow 


CM *» 


» CD 
lO • 

CO w 


to — * 
• to 

CM • 


cn — 
• to 
r^» • 


* n* 
m* • 

CM 


CO *> 


CM" 


M - — * 
♦ CD 


CO O 
* # 
tO *H 


O — • 
* CD 


CO 
CM * 


00 " 


CM 
CM *> 


s 

PQ 

<1 

H 



— * 

r— % 

<— N 


^ — % 

CD 

M* 00 

r- co 

CD tO 

cm 

to to 

CO 

* • 

• • 

• i 

* • 



to rH 

tO rH 

tO rH 

to rH 

rH 

o| 

LOW 

LO " 

IOW 

LO w 

LO - — " 








LO LO 

rH CO 

r-*» rH 

CO CO 


to 

* • 

« * 




* 

rH CM 

M* CM 

CO CM 

CM CM 


o 

CD w 

CD w 

CD w 

CD w« 



CD— . 

• CO 
CM * 
^ CO 


CM" 

• i 


00 — 
• CO 
00 * 
M* CO 


1) 

i- 

3 

•P 

CO 

u 

CD 

CL 

E 

CD 


C_> 

O 

o 

LO 


o 

o 

to 

CM 


C-J> 

O 

o 


o 

9 

LO 

CM 

t 


O 

o 

o 

to 


o 

o 

to 

r-* 

i 


0 o o 

o o o 

O UP> o 

O CM LO 

rH rH rH 

1 t i 


0 

o 

to 

hs 

rH 

1 


56 


>P*s=' l rr~.z:' _*/' 



ut-- / 


NOTE: Standard Deviations Are Given in Parentheses 



*•«*% r-H r-H 



(N ^ 

PICO 

cn co 

rH 

fO M~ 

M* 

• CO 

* f 

* * 

to . 

• • 

O 

M- * 

rH CO 

p> p* 

Hi* <M 

co cn 

« 

Ph *t 

© 

cm cn 

CO rH 

in ih 

Q 

uo in 

cow 

lOw 

rH 

CO rH 




w 



00 

co 

CM r—» 


P-H 

*H CM 

p*h 
00 CO 

r— H 

o 

♦ m 

CM . 

» • 

« » 

CO to 

♦ 

CO * 

PO CO 

o cn 

CM 00 

tn • 

© 

oo tn 

CO rH 

oo cn 

CM 1(3 

P* PH 


LO CM 

H 

CO *w 

On 

CO 

co 

w 

o * , "' t 

rH 

r-H 

***** 

v-> 

00 

# CM 

o 

co co 

CM CM 

r-H 

o 

CO * 

•Kfr » 

> 1 

• » 

rH O 


cn »h 

in rH 

cn cn 

CO CO 

O * 

o 

tn rH 

CO rH 

O rH 

in cm 

CO pH 


*w» 

SH 

Ph W 

NH 

M* 


s-\ 

> 

s 


Pa 

B 


W 

0 

<5 


c 

o 

u 


to o> 

CO 

<u c 

C »r- 

CM 

*r* -M 

rH 

—> rO 

r 

o 

in O C JrC 

o 


l r* 

00 


in 


r-H o U 
SDJ | *p» 
oo cj; 4J *C 

3 40 
CO <->0 
4 -> < 1 > E 
E E U 3 SI 3 - 

U U (flr 

■P jd in o 

d IT) C w<r) O 

CM O *00 
O O O V- o . 
rH » 01 w 

cn >i ^ 
a: x < ns <u 

in I r— > 

GQ CM T3 *r- O 
►H tX 40 U 

— i CU >< I r- 
O ^ Irt 3 00 
OSMHXU. 


CO * O f CO r — h rH *—h 

^ co o co tn oo rH cn 

inw iow cow p*w 


40 

c 


no 

M* 

^*—h 

CM *-> 

O r*H 

CM r-% 

4-> 

P* 

• CO 

♦ cn 

» CM 

*Ph 

to 

rH 

CO » 

co • 

to • 

cn ♦ 

c 

• 

m* tn 

cn co 

tn co 

O p> 

o 

O 

tn w 

tn w 

COW 

Ch w 


00 


a. 

r 

< 

oo 


f 0 


o 


tn *-H, 

CO *“H 

00 •-> 

CO •— H 

tn 

tn 

• pH 

» cn 

• cn 

i in 


CM 

ro ♦ 

r 

P* ft 

cn * 



00 M* 

cn co 

m* ro 

o> ro 


O 


<$* H~^ 

LO h— ' 

tn w 


CO r-H 
CO rH 
Ph rH 



'A 


t 






PQ 

<3 

H 


cn 

Or-* 

O 

0*~H 

M" *— H 

to r-H 

oo 

• O 

, *— H 

. o 

• CM 

* 00 

* 

M* * 

rH Ph 

co * 

O * 

cn r 

o 

CO 00 

00 W 

M* ♦ 
M" 00 

H_> 

cn oo 

M* w 

tn oo 
in w 

cn uo 
tn w 



co-*h 

cn —h* 

C0 r-H 

O r-N 


* M* 

• oo 

. in 

• 00 

CO 

CM r 

00 • 

cn • 

o . 

r 

m CM 

CM 

cn cm 

in m* 

O 

00 w 

w 

M- 

tnw 


pH *— H 

Hr* 

CM r-H 

, *o 

• M* 

• co 

rH CO * 

CM r 

00 • 

CO 00 

M* 00 

cn M- 

00 w 

M* w 

M- w 


0 ) 

3 

4 ^ 


as 

U 

t_> 

© 

o 

{_> 

O 

o 

o 

o 

U 

o 

<D 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

a. 

© 

tn 

o 

tn 

o 

uo 

o 

tn 

o 

to 

E 

uo 

CM 


CM 

tn 

pH 

o 

CM 

tn 

Oh 

0) 

h- 




t 

i 

( 

rH 

1 

rH 

1 

rH 

1 

rH 

1 


t 


57 




- //- — ^ am 


A 


NOTE: Standard Deviations Are Given in Parentheses 



f 


A 

<o 


< 

EH 


w cn 
o; c 

C *r* 

00 

CM 


00*—* 

in*-* 

P r~s 

un*-^ 

*r- P 

rHi 

cn 

» 

• to 

• WO 

» cn 

P ft! 

• 

♦ * 

o • 

rH » 

CM * 

CM • 

o P* 

© 

On w 

rH *~«* 

P *— * 

P*>— * 

rH*—"* 


o woo c p tn 

u p o O p 

»r* ’*•*»££ i *r» C 

r— oo < p -c m 

np» D P P 

C /3 W^»U t/) 

POE a 

EEOOP-^ o r*> 

O U Itjr— WO O P 

P P id O P • 

C? to e^co o p o 

cm o > no uj (tj 

O O O U 0 * M r- 

P * fll W H o 

cn >> U t/o t/> 

at X < O o 

to I r~ > UJ 



03 CM *0 *i- O 


un 

WO r— "* 

0 *. r-> 


00 *^* 

r-« 

O. P O 

O. 

cm 

* to 

• to 

» WO 

* to 

P 

O- X 1 p 

ar. 

• 

to » 

o* » 

on t 

O • 

O 

o 

*r- 3 10 
5 C CM H S Uu 

< 

00 

o 

H'h 

rH *— * 

rH*-* 

CM *— ' 


On 

WO r-> 

wo**—* 

CO *—* 

r-H 

o 

P> 

00 o 

00 

♦ 

* on 

. on 

» • 

• * 

* 

r-H • 

*dr * 

r*s * 

O rH 

CM rH 

O 

CM*-* 

CM*-* 

CM**-* 

00 **-* 

00 — * 


CO « — * * Ktr - ** rH P* 

» ■ct » 10 • lo • rs 

co • t uo ♦ wo • 

rH ' p * — * rH *— * rH *— * 


^r 

on rH 

00 P 

CO CM 

CO 00 

wo 

LT) P 

P P 

• A 

WO p 

d p 

o 

00 *-* 

*!$*-*—* 

w 

in*-* 



NOTE: Standard Deviations Are Given in Parentheses 


1 


L 


■0* 

cn 

rH 

10 

CO 

• 

» 

• 

# 

* 

r>* 


CO 

CO 

CO 

rH 

rH 

rH 

rH 

rH 


CM 


CM 


CO 


CM 

CO 


00 

00 


cn 

rH 

o> 

m 

O 

• 

* 

1 

# 

» 

m 

h* 


CO 

0> 

rH 

rH 

rH 

rH 

rH 


©\« 

o 

52 

W 

hri 

o 

E 

fa 

w 

fa 

a 

<1 

fa 



W O) 
ai c 

C *r* 


00 





*r* 4** 


CM 

oo 

10 

10 


mJ rtJ 


rH 

• 

« 


C 

O 


« 

M* 

in 

10 

o 

in o c -x 


O 

rH 

rH 

rH 

u 

rH O U 






•r* 

i 

l/J 





r— 

00 < «M jC 

-M 





♦r* 

3 *P 

C 






to 


</)*— 

4J <D B 

E E O 3 3 SI 

uynJr 

■M Jl) If) O 

CJ in cvm o 
cm o * oo 
o © o u o • 

rH » (U W 

O )>yU 

o c x< id ai 

in I r- > 

00 CM TO *r- O 


«TJ 

V) 

to e 

rH n 

Ul 

N U 

M It S 

00 r- 

o 

LU 00 


HH 0. 4J CJ 

a. 

in 

in 

rH 

00 

*3- 

»~J a. x i r- 

2 : 

CM 

• 

• 

r 


O *r* 3 in 

< 

* 

rH 

00 

M* 

in 

ozwhSit 

in 

0 

rH 

rH 

rH 

rH 


t 

r*» 


«fr 

CM 

00 

00 

rH 

r> 

i 

* 

* 

♦ 

r-i 

«cl* 

in 

in 

tv 

* 

rH 

rH 

rH 

rH 


o 

» 

CO 



CO 

CM 

IO 

CM 

<0 

in 


00 

• 

* 

1 

* 

• 

• 

• 

O 

rH 

OO 


in 


0 

rH 

rH 

rH 

rH 

rH 


a 

§ 

EH 


CO 


i-h] 


CO 


h> 

00 


a) 

u 

3 

4-> 

fO 

u 

<u 

a. 

E 

0) 


o 

o 

o 

LO 


O 

O 

in 

CM 


o 

o 

o 


o 

o 

in 

CM 

t 


o 

o 

o 

in 


o 

o 

in 

t 


o 

o 

o 

o 


o o 

o o 
in o 

cm m 

rH rH 

I I 


o 

o 

in 

rH 

I 


59 


Short Circuit Current, mA 









Open Circuit Voltage, raV 
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Figure 35. Average V as a function of temperature. 
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Temperature, °C 
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Figure 37. Average I as a function of temperature. 
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Figure 38. Average I as a function of intensity. 
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Figure 39. Average V as a function of temperature 
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Figure 43. Average efficiency as a function of temperature 



Figure 44. Average efficiency as a function of intensity. 
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Figure 45. Efficiency of the best /worst colls as a function 

of temperature. 
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Figure 46. Efficiency of the best /worst cells as a function of intensity 






NOTE: Standard Deviations Are Given In Parentheses 
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Standard Deviations Are Given In Parentheses 



NOTE: Standard Deviations Are Given In Parentheses 



TABLE 23. AVERAGE EFFICIENCY (%) 






Max Power/Max Power § 55°C, (P/P 0 ) 
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GLOSSARY 
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BSF 

BSR 

^p 

*80 

LTLI 

MP 

P/P o 

R CH 
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SC 

UV 


Astronomical Unit 
Air Mass Zero 
Back Surface Field 
Back Surface Reflector 
Maximum Power Current 

Short Circuit Current 

Low Temperature and Low Intensity 
Maximum Power 

Ratio of Maximum Power to Maximum Powei-' 

Edge Channel Resistance 

Shunt Resistance 

Series Resistance 

Solar Electric Propulsion System 

Solar Constant 

Ultraviolet 
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